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validate the new method.
Measurement techniques
The present study used a combination of co-located measurements made with Rayleigh Lidar and the Mesosphere Lower Thermosphere Photometer (MLTP) from Gadanki (13.5 0 N, 79.2 0 E), to retrieve temperature profiles in the altitude range 35-95 km.
The Rayleigh Lidar (details are given in Table 3 .1) uses a Nd-YAG laser with 550 mJ energy at 532 nm with a pulse repetition frequency of 50 Hz and pulse width of 7 ns. It receives backscattering with a 75 cm diameter Newtonian telescope. The received signals are filtered through an interference filter (full width at half maxima 'FWHM', 1.07 nm with centre wavelength 532 nm) and are focused onto the photocathode of a photomultiplier tube (Hamamatsu-R3234). Temperature retrieval follows the method as described by Hauchecorne and Chanin (1980) . More details of the Lidar system and techniques have been described in chapter-III.
The MLTP (details are given in Table 2 are derived from OH emissions using the ratio method and O 2 emissions using the slope methods described by Meriweather [1984] . The MLTP uses the Hamamatsu H7421-50 photon-counting module as a detector. The filter movement is synchronized with the counting unit C8855 of the photomultiplier tube for the operations. More details of MLTP have been described in chapter -II.
Analysis Procedure
The present experiment is somewhat similar to that of Alpers et al. [2004] , whereby actual temperature measurements are used in the Lidar temperature retrieval methods rather than model temperatures. These investigators used higher-altitude, The schematic for the off-line data processing is shown as a flowchart in minute integration. The background noise is removed at this stage, by estimating the average photon counts between 100 and 105 km, which is subtracted from each bin. Range correction is then applied, and the density values are obtained from the range corrected photon count profile by equalizing them at 50 km altitude.
The retrieval of temperature assumes that the atmosphere is free from aerosols, and the signal strength is proportional to molecular number density. Using the number density obtained from the CIRA-86 model for the height where the signal-to-noise ratio is fairly high, the constant of proportionality is evaluated and thereby the density profile ρ (z) is derived at altitude ~100 km. In existing methods, taking the pressure (P) at the top of the height range (100 km) from the CIRA-86 model, the pressure profile is computed using the measured densities under an assumption that the atmosphere is in hydrostatic equilibrium.
Further, using the ideal gas law, the temperature at a particular height "z", T (z) is calculated using the expression:
Where, Pz is the pressure value at an altitude 'z', R is the gas constant, g is the earth's gravitational force, T is O 2 temperature, dz is range resolution, and M is mean molecular mass.
In our modified scheme, the measured temperature values are feeded from the O 2 airglow emission measurements in Eq. (5.2) by deriving X for model densities with pressure values estimated at 100 km for the measured O 2 temperature values.
It is important to state here that the use of known O 2 temperature measurements (which represent 94 km with a semi-thickness ~5 km) for 100 km is better than the CIRA/MSIS model estimates. This is supported by the results reported by [Taori, et.al, 2012] , and provided the evidence that at upper mesospheric altitudes, model temperatures over Gadanki deviate from the real temperatures by 20-50 K. Therefore, the use of model temperatures itself introduces large errors at significantly lower altitudes and hence the error (or standard deviation) convergence occurs and it is clearly shown in Figure 6 .5 in chapter-VI. Suggested that short-term waves can be studied, from ~95 km with standard deviation ±5 K. This is achieved when temperature profiles are averaged for 12 min in the time domain and 5 km in the altitude domain, enhancing the signal-to-noise ratio to ~3, which is sufficient for the analysis of short-term waves (wave period >0.4 h).
Results and discussion
The middle atmosphere is dominated by a variety of dynamical features of transient nature, Rayleigh Lidar temperature profiles are derived using the traditional as well as a modified scheme for time "T " and average the profiles for ±0.25 h for a comparison. nature so change of gravity wave phases within 1-2 0 locations may provide an apparent difference as noted in this study; and (ii) that SABER pass is not having exact coincidences, which is evident in Figure 5 .3. One may note that near coincident SABER profiles show large oscillatory features in data with somewhat opposite phase within a short spatial difference. In the light of above, trusted that agreement between the modified Rayleigh Lidar profiles and SABER values are very good till 95 km altitudes.
Performed a similar analysis on 27 January 2011, data and results are shown in The individual SABER temperature profiles for the chosen grid are shown in Figure 5 .5. Note that no SABER pass was coincident over the Gadanki location, which possibly is because the observed differences in the variability noted in upper mesospheric temperatures. To believe that such a comparison is very good considering a highly dynamic condition owing to the non-linear interaction and dissipation of gravity waves at upper mesospheric altitudes. This may be due to the fact stated in the previous paragraph that if the starting temperature has a large difference from the actual temperatures, the downward propagation of error will affect the observed variability. Hence, the variability may be masked by large standard deviations. The standard deviations for one hour average profiles are shown in Figure 5 .6, where modified temperature retrieval method gives acceptable standard deviations in the temperature estimates up to ~95 km altitudes. It is evident that at 
The propagation characteristics of short-term waves
To investigate the propagation characteristics of short-term waves, selected 6
January and 27 January 2011, when more than 6 h of continuous measurements were made with both Rayleigh Lidar and MLTP over Gadanki.
January 6, 2011
To note that on this night, temperatures at O 2 altitudes show peak-to-peak To investigate the characteristic oscillation presented in the data, carried out a discrete Fourier analysis of temperature perturbations at 85 km, which revealed the
Chapter-V A new method to derive middle atmospheric temperature
Chapter-V Page 112
presence of oscillations with periodicity ranging from 0.4 to 5.0 h. Of these, investigations are done for 0.5, 0.6, 0.7, 0.9, 1.2, and 2.0 h wave periods in data by doing a best-fit analysis every 10 km from 40 to 90 km. The bandwidth tolerance used in these wave fits was 10%. Figure 5 .2 shows the perturbation amplitude as a percentage from 40 to 90 km at every 10 km altitude. As already noted in Figure 5 .8, in this plot also one can see that the amplitude of different wave packets is very small at lower altitudes and increases as waves ascend to the higher altitudes. The phase variation of these waves with altitude is plotted in Figure 5 .9 (b). One may note that the 2 h wave shows fast vertical propagation to 60 km from where it shows a slow upward propagation. This indicates the possibility that this wave was reaching its saturation/critical levels. Up to 60 km, the 0.9 h wave showed a slow propagation that, after 70 km, exhibited a fast upward propagation. The 1.2 h wave, on the other hand, (2006) also reported somewhat similar observations, which they attributed to decreasing densities at higher altitudes. From the observed phase variations, vertical wavelengths of different wave packets were calculated and found that these varied from 9 to 42 km. Concerning the variation in phase speeds of waves at different altitudes, Rauthe et al. (2006) also reported somewhat similar observations, which they attributed to decreasing densities at higher altitudes. From the observed phase variations, the vertical wavelengths of different wave packets were calculated and found that these varies from 9 to 42 km. These values are summarized in Table 5 .1. Also noted that on some occasions, phase variations do not show a clear downward propagation. This may be due to the sharp dynamical variations occurring at those altitudes. As it is not having simultaneous wind data, it is unable to comment on this issue. It is important to note that phase variations of most waves show the largest dispersion at higher altitudes owing to the increasing importance of non-linear processes, such as selective filtering of particular waves, which further emphasize the need for such systematic variations [Fritts and Alexander 2003; Lindzen 1984] . 
Chapter-V

January 27, 2011
The 12 min temperature profiles corresponding to the observations of 27 January 2011 in the altitude range 40-95 km are shown in Figure 5 .10. On this night, variability was significantly higher than in the previous case; the temperature range on this night was 170-280 K, with each profile separated from the preceding by 20 K. Small-scale perturbations of large amplitude at altitude 70-95 km were clearly noted. Also, the downward phase progression throughout the duration of observation is evident in this plot at various altitudes and times. To investigate the temperature fluctuations caused by short-term features on this night, percentage perturbation profiles are calculated using the same method as in the previous case, and the results are shown in Figure 5 .11. The temperature fluctuated from -9 to 10 K on this night with maximum variability noted at altitude 70-95 km. Temperature variations were noted to be very low at 40-60 km, which is consistent with earlier reports [Batista, Clemesha, and Simonich 2009; Chang, Yang, and Gong 2005; Rauthe et al. 2006; Sivakumar, Rao, and Krishnaiah 2003] . One may note a clear difference in the observed altitude range of maximum perturbation and amplitude of dominant short-term wave features, which is evident in Figures 5.7 and 5.11 on 6 January 2011, the maximum in amplitude of short-term features occurred at about 90 km while on 27 January 2011 was at 85 km.
processes. In the present case, beyond 85 km we note several instances of the downward phase propagation of waves. The upward wave propagation of waves in the altitude range 40-70 km is obvious in the plot, although the amplitude of perturbations is small. To identify amplitude and phase variation in short-term gravity waves at altitude 40-90 km in the data, following discrete Fourier analysis a best-fit analysis was carried out (Figure 5 .12). The amplitude variation for different wave packets is shown in Figure 5 .12 (a), while Figure 5 .12 (b) plots the phase variability of these waves.
The percentage errors in temperature estimates are shown as the shaded gray area in Figure 5 .12 (a). For amplitude variations, it is clear that other than the 0.6 and 2.0 h waves, these show a decrease in amplitude beyond 80 km. It is interesting that unlike the previous case, on this night no single wave shows continuous amplitude growth, which suggests that most reached their critical levels. This may be because of strong wind shear, which would have blocked the upward propagation of gravity waves coming from different directions [Fritts and Alexander 2003] . This is only a hypothesis, as it do not have any horizontal directional information for these waves and wind data to emphasize Page 117 the wind-wave interaction. In the phase propagation plot, please note that the 2.0, 0.9, and 0.5 h waves show a clear upward propagation throughout the altitude range. On the other hand, 0.6 and 0.7 h waves show no clear signatures of propagation.
The calculated vertical wavelengths of the observed waves vary from 6 to 26 km and are shown in As the statistical data on these waves are valuable for the modeling of global circulation in the middle atmosphere, such simple technological improvement is desirable in the acquisition of altitude and time resolution. Together with temperature data, wind data are also important in understanding the physics of the propagation of perturbations from lower to the upper atmosphere. A combination of such data with information on wave directions would possibly provide a wide-ranging insight into the various physical processes occurring in the middle and upper atmosphere. It should also mention that although similar or better altitude coverage can be obtained using a combination of cost effectiveness of methods presented in this report are important aspects that need to be investigated for optimization of resources.
Summary
In this chapter, it was shown "for the first time" that by using O 2 temperatures derived from airglow measurements as input to Rayleigh Lidar temperature retrieval algorithm, one can derive temperature information till 95 km. The standard deviations in photon statistics are found to be improved when modified method is utilized. This improvisation enables the study of short period wave features at upper mesospheric altitudes with high temporal resolution.
(1) Short-term (0.5-2.0 h) gravity wave features in mesospheric temperature fields and their propagation can be studied in the altitude range 40-95 km when real-time airglow temperatures are integrated with the Rayleigh Lidar temperature retrieval algorithm as the seed temperatures.
(2) The waves show a significantly different behaviour in the cases presented, and also show dissipation of energy by a large part of the short-term wave spectrum around altitude 75-80 km.
(3) Consistent propagation of 0.7, 1.2, and 2.0 h waves was noted in both cases, with increased amplitude of 2.0 h waves.
Finally, concluding that a significant improvement in Rayleigh Lidar can be made to cover upper mesospheric altitudes with cost-effective airglow monitoring tool. A systematic and simultaneous airglow and Rayleigh Lidar temperature measurements will provide good statistics that will be helpful in answering key issues related to the mesospheric heat budget and circulation.
